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(57) ABSTRACT 

A method of estimating a rotational position of a motor 
having saliency includes the steps of a) Superimposing, on a 
drive Voltage to rotate a rotating portion of the motor, a 
measuring Voltage having a predetermined frequency higher 
than a frequency of the drive voltage to generate a plurality 
of Voltages, and Supplying the plurality of Voltages to a 
stationary portion of the motor; b) in parallel with step a). 
extracting a component of the predetermined frequency in a 
current flowing in the stationary portion as an extracted 
current; c) calculating a Sum of squares of the extracted 
current and a phase-shifted current obtained by shifting a 
phase of the extracted current by JL/2 to acquire a composite 
signal related to an amplitude of the extracted current; and 
d) acquiring a rotational position of the rotating portion 
based on the composite signal. 

6 Claims, 8 Drawing Sheets 
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1. 

METHOD OF ESTMLATING ROTATIONAL 
POSITION OF MOTOR, AND CONTROL 

APPARATUS OF MOTOR 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
The present invention relates to a method of estimating a 

rotational position of a motor, and a control apparatus of a 
motor. 

2. Description of the Related Art 
Sensorless vector control, which eliminates use of a 

sensor for rotational position detection to reduce the number 
of wires in a motor, the size of the motor, and a production 
cost of the motor, has often been used. A high-frequency 
Voltage injection method is known as a sensorless vector 
control technique. In the high-frequency Voltage injection 
method, a Voltage having a frequency higher than a fre 
quency of a drive Voltage for a motor is applied to the motor, 
and a rotational position (i.e., a phase) of the motor is 
estimated based on a response current. 

For example, a paper by Shinnaka, S., “A new speed 
varying ellipse Voltage injection method for sensorless drive 
of permanent—magnet synchronous motors with pole 
saliency—New PLL method using high-frequency current 
component multiplied signal' (IEEE Transactions on Indus 
try Applications, 44(3), 2008, pp. 777-788), is known. In a 
method described in this paper, a high-frequency Voltage is 
generated in a Yö rotating reference frame. This Voltage is 
transformed to a CB stationary reference frame through Park 
transformation, and the resulting Voltage is applied to a 
motor through space vector PWM and an inverter. Three 
phase high-frequency currents flowing in the motor are 
extracted using band-pass filters, and are transformed to the 
Yö rotating reference frame. A y-axis current and a 6-axis 
current are multiplied together, and the resulting signal is 
Subjected to low-pass filtering to generate a signal of a single 
channel. This signal is used to estimate the rotational posi 
tion of the motor through a PLL. 

Further, a paper by Corley, M. J. and Lorenz, R. D., 
“Rotor position and velocity estimation for a salient-pole 
permanent magnet synchronous machine at Standstill and 
high speeds' (IEEE Transactions on Industry Applications, 
34(4), 1998, pp. 784-789), is known. In a method described 
in this paper, using response currents in a stationary refer 
ence frame and the sine and cosine of an estimated rotational 
position (i.e., angle), a signal representing a d-axis compo 
nent of a high-frequency current is obtained. This signal is 
passed through a band-pass filter or the like to obtain an 
error signal representing a difference between the estimated 
rotational position and an actual rotational position. This 
error signal is inputted to an observer. The observer mini 
mizes the error to track the rotational position. 

In each of the above methods, a process requiring a high 
computational load, Such as, for example, transformation 
between stationary and rotating reference frames, needs to 
be performed in an arithmetic portion. An increase in the 
computational load on the arithmetic portion may affect 
precision with which the rotational position of a rotating 
portion is sensed. Accordingly, there is a demand for a novel 
technique to precisely sense the rotational position of the 
rotating portion with a low computational load. 

SUMMARY OF THE INVENTION 

A method of estimating a rotational position of a motor 
having saliency according to a preferred embodiment of the 
present invention includes steps a), b), c), and d). 
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2 
In the step a), on a drive Voltage to rotate a rotating 

portion of the motor, a measuring Voltage having a prede 
termined frequency higher than a frequency of the drive 
Voltage is Superimposed to generate a plurality of Voltages, 
and the plurality of Voltages are Supplied to a stationary 
portion of the motor. In step b), a component of the prede 
termined frequency in a current flowing in the stationary 
portion is extracted as an extracted current in parallel with 
step a). In step c), a Sum of squares of the extracted current 
and a phase-shifted current obtained by shifting a phase of 
the extracted current by JL/2 is calculated to acquire a 
composite signal related to an amplitude of the extracted 
current. In step d), a rotational position of the rotating 
portion is acquired based on the composite signal. 
A control apparatus of a motor having saliency according 

to a preferred embodiment of the present invention includes 
a Voltage Supply section, a current extraction section, a 
composite signal acquisition section, and a rotational posi 
tion acquisition section. 
The Voltage Supply section is arranged to Superimpose, on 

a drive Voltage to rotate a rotating portion of the motor, a 
measuring Voltage having a predetermined frequency higher 
than a frequency of the drive voltage to generate a plurality 
of Voltages, and Supply the plurality of Voltages to a sta 
tionary portion of the motor. 
The current extraction section is arranged to extract a 

component of the predetermined frequency in a current 
flowing in the stationary portion as an extracted current. The 
composite signal acquisition section is arranged to calculate 
a sum of squares of the extracted current and a phase-shifted 
current obtained by shifting a phase of the extracted current 
by JL/2 to acquire a composite signal related to an amplitude 
of the extracted current. The rotational position acquisition 
section is arranged to acquire a rotational position of the 
rotating portion based on the composite signal. 
The Voltage Supply section is arranged to control a phase 

of the drive voltage based on the rotational position of the 
rotating portion. 

According to preferred embodiments of the present inven 
tion, it is possible to precisely sense the rotational position 
of the rotating portion with a low computational load. 
The above and other elements, features, steps, character 

istics and advantages of the present invention will become 
more apparent from the following detailed description of the 
preferred embodiments with reference to the attached draw 
1ngS. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a diagram illustrating the structure of a control 
apparatus of a motor according to a first preferred embodi 
ment of the present invention. 

FIG. 2 is a flowchart illustrating a procedure performed by 
the control apparatus. 

FIG. 3 is a graph illustrating HF injection signals. 
FIG. 4 shows graphs illustrating extracted currents. 
FIG. 5 is a graph illustrating a real part and an imaginary 

part of a complex analytic signal. 
FIG. 6 shows graphs illustrating composite signals. 
FIG. 7 shows graphs illustrating signals obtained in a 

rotational position acquisition section according to the first 
preferred embodiment of the present invention. 

FIG. 8 is a diagram illustrating the structure of a control 
apparatus of a motor according to a second preferred 
embodiment of the present invention. 
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FIG. 9 is a diagram illustrating the structure of a control 
apparatus of a motor according to a third preferred embodi 
ment of the present invention. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

FIG. 1 is a diagram illustrating the structure of a control 
apparatus 10 of a motor 1 according to a first preferred 
embodiment of the present invention. Components of the 
control apparatus 10 are mounted on a circuit board of the 
motor 1, for example. Note that the control apparatus 10 may 
be provided separately from the circuit board (e.g., an 
inverter or the like). The motor 1 is, for example, a perma 
nent-magnet synchronous motor, and has saliency. The 
motor 1 includes a stationary portion 11 and a rotating 
portion (i.e., a rotor) 12. The stationary portion 11 includes 
a stator 111. The rotating portion 12 includes a permanent 
magnet 121. The stationary portion 11 is arranged to rotat 
ably support the rotating portion 12. 
The control apparatus 10 includes a Voltage Supply sec 

tion 2, a current extraction section 3, a composite signal 
acquisition section 4, and a rotational position acquisition 
section 5. A portion of the control apparatus 10 may be 
implemented via an arithmetic portion including software, 
for example. Accordingly, these components do not need to 
be provided as physically separate components. In other 
words, portions of the control apparatus 10 may be imple 
mented in either software or hardware. 
The Voltage Supply section 2 includes an HF injection 

signal generation section 21, an LF control signal generation 
section 22, two adders 23a and 23b, and a voltage generation 
section 24. The HF injection signal generation section 21 is 
arranged to generate a high-frequency injection signal which 
varies in an O-axis direction of an OB reference frame, and 
a high-frequency injection signal which varies in a B-axis 
direction of the CfB reference frame. Hereinafter, the high 
frequency injection signal will be referred to as an “HF 
injection signal'. The HF injection signal is, for example, a 
sinusoidal signal. In FIG. 1, the HF injection signal for an O. 
axis is denoted as “VCh', whereas the HF injection signal 
for a f axis is denoted as “VBh’. Note that each of the HF 
injection signals Volh and VBh may alternatively be a signal 
having another waveform. Here, on the assumption that a 
reference frame in which currents flowing through three 
phase stator windings are represented by vectors is an ABC 
reference frame, the CfB reference frame is a two-phase 
stationary reference frame obtained by subjecting the ABC 
reference frame to Clarke transformation. The C. axis and the 
B axis are perpendicular to each other. 
The LF control signal generation section 22 is arranged to 

generate low-frequency control signals for the C. and Baxes 
of the CfB reference frame. Hereinafter, the low-frequency 
control signal will be referred to as a “LF control signal'. 
Each LF control signal is generated using various set values 
entered by a user, and input such as, for example, a rotational 
position of the rotating portion 12 acquired by the rotational 
position acquisition section 5. The LF control signal is a 
signal used to control rotation of the rotating portion 12. 
Generation of the LF control signal is based on an algorithm 
of vector control (Field Oriented Control (FOC)), direct 
torque control (DTC), PID control, six-step control, or the 
like. In FIG. 1, the LF control signal for the C. axis is denoted 
as “Vol', whereas the LF control signal for the B axis is 
denoted as “VB1”. The adder 23a Superimposes the HF 
injection signal VCsh for the C. axis on the LF control signal 
VC.1 for the C. axis, and outputs a resulting Superimposed 
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4 
signal VC. for the C. axis. The adder 23b superimposes the HF 
injection signal VBh for the B axis on the LF control signal 
VB1 for the B axis, and outputs a resulting Superimposed 
signal VB for the f axis. 
The Voltage generation section 24 includes, for example, 

a linear power amplifier capable of two- to three-phase 
transformation (i.e., C.B to ABC transformation), a space 
vector pulse width modulation (PWM) inverter, or the like. 
The two- to three-phase transformation transforms signals 
for the C. and Baxes into signals for A, B, and C axes each 
of which corresponds to a separate one of three-phase 
Voltages to be Supplied to the stationary portion 11. That is, 
the two- to three-phase transformation transforms signals in 
the CfB reference frame into signals in the ABC reference 
frame. The Voltage generation section 24 Supplies three 
phase Voltages Va, Vb, and Vc corresponding to the A, B, 
and Caxes, respectively, to the stationary portion 11. The HF 
injection signal generation section 21, the LF control signal 
generation section 22, and the adders 23a and 23b can be 
regarded collectively as a voltage command generation 
section arranged to generate a Voltage command as to the 
Voltages to be supplied to the motor 1. The Voltage genera 
tion section 24 Supplies the Voltages to the motor 1 based on 
the Voltage command Supplied from the Voltage command 
generation section. 
The current extraction section 3 includes a current signal 

acquisition unit 31 and three extractors 32a, 32b, and 32c. 
The current signal acquisition unit 31 is a so-called current 
sensor, and includes, for example, a shunt including an 
amplification circuit, a shunt resistor, a Hall effect current 
transducer, or the like. The current signal acquisition unit 31 
is arranged to acquire three-phase currents ia, ib, and ic 
flowing in the stationary portion 11. Each of the extractors 
32a to 32c includes, for example, a band-pass filter (BPF). 
The extractors 32a, 32b, and 32c are arranged to extract 
high-frequency (HF) components of the three-phase currents 
ia, ib, and ic as extracted currents iah, ibh, and ich for the A. 
B, and C axes, respectively. 
The composite signal acquisition section 4 includes three 

Hilbert transformers 41a, 41b, and 41c, and three signal 
computation units 42a, 42b, and 42c. Each of the Hilbert 
transformers 41a to 41c is implemented using a finite 
impulse response (FIR) filter, fast Fourier transform (FFT), 
or the like. In the present preferred embodiment, each of the 
Hilbert transformers 41a to 41c is implemented using the 
FIR filter. The signal computation units 42a, 42b, and 42c 
are arranged to generate composite signals for the A, B, and 
C axes, respectively. The composite signals are position 
sensing signals used to acquire the rotational position of the 
rotating portion 12, which will be described below. The 
composite signals will be described in detail below. In FIG. 
1, the composite signal for the A axis is denoted as Zal, the 
composite signal for the B axis is denoted as Zb, and the 
composite signal for the C axis is denoted as Zc. The 
extractors 32a to 32c, the Hilbert transformers 41a to 41c, 
and the signal computation units 42a to 42c can be regarded 
collectively as a signal processing unit arranged to process 
the three-phase currents ia, ib, and is to generate the com 
posite signals for the A, B, and C axes. 
The rotational position acquisition section 5 is arranged to 

acquire the rotational position 0e of the rotating portion 12 
based on the composite signals. The rotational position 0e is 
used by the LF control signal generation section to generate 
the LF control signals Vol and VB1. That is, control of 
rotation of the motor 1 is performed based on the rotational 
position 0e. 
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Next, processes performed by the control apparatus 10 
while the motor 1 is in operation will now be described 
below with reference to FIG. 2. In the control apparatus 10, 
the processes illustrated in FIG. 2 are continuously repeated 
while the motor 1 is in operation. Processes related to 
various signals described below are, to be precise, processes 
related to values of those signals at a given time. 

In the LF control signal generation section 22, the LF 
control signal VC.1 for the C. axis and the LF control signal 
VB1 for the Baxis are generated to rotate the rotating portion 
12 of the motor 1. In the HF injection signal generation 
section 21, the HF injection signal VC.h for the C. axis and 
the HF injection signal VBh for the B axis are generated. 
Assuming that an angular frequency is denoted as (), and 
time is denoted as t, the HF injection signal Voh for the C. 
axis and the HF injection signal VBh for the B axis are 
expressed by Eq. 1 below. 

Woh = cos(Cot) 

{ Vah = sin(cut) } 

FIG. 3 is a graph showing examples of the HF injection 
signals Volh and VBh. Each of the HF injection signals Voh 
and VBh has a frequency higher than a frequency of each of 
the LF control signals Vol and VB1. A look-up table may be 
created by previously measuring response values of the 
rotational position 0e obtained in response to the HF injec 
tion signals Volh and VBh, so that a response value of the 
rotational position 0e in response to the HF injection signals 
Voh and VBh at a given time can be acquired. The HF 
injection signal VCh for the C. axis is Superimposed on the 
LF control signal Vol for the C. axis to generate the 
superimposed signal VC. for the C. axis. The HF injection 
signal VBh for the Baxis is superimposed on the LF control 
signal VB1 for the Baxis to generate the Superimposed signal 
VB for the B axis. In the voltage generation section 24, the 
three-phase Voltages Va, Vb, and Vc are generated based on 
the Superimposed signal VC. for the C. axis and the Super 
imposed signal VB for the B axis. 

Each of the voltages Va, Vb, and Vc includes a drive 
voltage ascribed to the LF control signals Vol and VB1, and 
a measuring Voltage ascribed to the HF injection signals van 
and VBh. That is, each of the plurality of voltages Va, Vb, 
and Vc generated in the Voltage Supply section 2 is essen 
tially a Voltage in which the measuring Voltage, which has 
a predetermined frequency higher than a frequency of the 
drive voltage, is Superimposed on the drive Voltage, which 
is used to rotate the rotating portion 12. The frequency of the 
measuring Voltage is, for example, 20 kHz or less. The 
frequency of the measuring Voltage is preferably in the range 
of about 500 Hz to about 1 kHz. The voltages Va, Vb, and 
Vc are supplied to the stationary portion 11 of the motor 1 
(step S1). The supply of the voltages Va, Vb, and Vc to the 
stationary portion 11 is actually performed continuously, and 
steps S2, S3, and S4 described below are performed in 
parallel with step S1. 

In the current signal acquisition unit 31, the three-phase 
currents ia, ib, and ic flowing in the stationary portion 11 are 
acquired. In the extractors 32a, 32b, and 32c, frequency 
components of the HF injection signals Volh and VBh in the 
three-phase currents ia, ib, and ic are extracted as the 
extracted currents iah, ibh, and ich for the A, B, and Caxes, 
respectively (step S2). Thus, in the current extraction section 
3, frequency components of the measuring Voltages in the 
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6 
plurality of currents ia, ib, and ic flowing in the stationary 
portion 11 are extracted as the plurality of extracted currents 
iah, ibh, and ich. 

FIG. 4 shows graphs showing the plurality of extracted 
currents iah, ibh, and ich. In FIG. 4, a vertical axis represents 
the value of each of the extracted currents iah, ibh, and ich, 
whereas a horizontal axis represents the rotational position 
of the rotating portion 12. As shown in FIG. 4, the amplitude 
of each of the extracted currents iah, ibh, and ich varies 
depending on the rotational position of the rotating portion 
12. That is, an amplitude profile, which represents a change 
in the amplitude of each of the extracted currents iah, ibh, 
and ich, is a function of the rotational position of the rotating 
portion 12. Assuming that the amplitude profiles of the 
extracted currents iah, ibh, and ich are denoted as Aa, Ab. 
and Ac, respectively, the extracted currents iah, ibh, and ich 
are expressed by Eq. 2 below. Note that, in Eq. 2, the 
amplitude profiles, which are functions of the rotational 
position 0e of the rotating portion 12, are denoted as AacOe), 
Ab(0e), and Ac(0e), and the extracted currents, which are 
functions of time, are denoted as iah(t), ibh(t), and ich (t). 
This also applies to Eqs. 3 and 4 presented below. 

iah (t) 
ibh (t) = 
ich (t) 

Moreover, the extracted currents iah, ibh, and ich can be 
transformed into complex analytic signals Za, Zb, and Zc, 
respectively, using Eq. 3 below. 

2a(t) x(t) y(t) 

{. - y(t) (c(t) x(t) y(t) 

where 

x(t) iah (t) 
x(t) = it, (t) = 
x(t) ich (t) 

ya (t) 
y(t) 

A. (6) cos(cot) Eq. 2 

A, (6): cos(ot 
47t 

A(6). cos(ot 

Eq. 3 

A. (6) cos(cot) 

A, (6): cos of 3) 
47t A(6). cos(ot t 

A. (6) sin(cut) 
HTit, (t) A, (6).si 2it { HTit, (t) Ab ( .) sin(ot- i 
HTIich ())) . sin(ot 

HT represents Hilbert transform expressed by the follow 
ing formula: 

Imaginary parts ya, yb, and yc in Eq. 3 are obtained from 
the extracted currents iah, ibh, and ich, respectively, using 
the Hilbert transform. The Hilbert transform shifts the phase 
of negative frequency components by JL/2 radians, and shifts 
the phase of positive frequency components by -1/2 radians. 
Accordingly, cosine functions are changed to sine functions 
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through the Hilbert transform. In the composite signal 
acquisition section 4, the Hilbert transform of the extracted 
currents iah, ibh, and ich is performed by the Hilbert 
transformers 41a, 41b, and 41c, respectively, to obtain the 
imaginary parts ya, yb, and yc. Here, each of the Hilbert 
transformers 41a to 41c is an FIR filter. The imaginary parts 
ya, yb, and ycare phase-shifted currents obtained by shifting 
the phase of the extracted currents iah, ibh, and ich, respec 
tively, by JL/2. Real parts xa, xb, and xc in Eq. 3 are the 
extracted currents iah, ibh, and ich themselves, respectively. 
FIG. 5 is a graph showing variations of the real part Xa and 
the imaginary part ya with the rotational position of the 
rotating portion 12. 
The real parts Xa, Xb, and Xc and the imaginary parts ya, 

yb, and yc are inputted to the signal computation units 42a 
to 42c. In practice, the phase of each of the real parts Xa, Xb. 
and Xc, which correspond to the extracted currents iah, ibh, 
and ich, respectively, is delayed to compensate for a delay 
caused by the Hilbert transform. In the signal computation 
units 42a to 42c, the composite signals |Zal, Zb, and Zc. 
which represent absolute values of the complex analytic 
signals Za, Zb, and Zc, respectively, are computed using Eq. 
4 below (step S3). 

Eq. 4 

A2(0) cos? (cot) + A2(0) sin(cot) 
2it 2 

Ai(0)-cos(ot- i) -- Ai(0) sin(ot 
4 4 

A(6) cos’ cot - -- A2(9): sin(ot 3 

cos?(cut) + sin(cut) A(6). 

A, (6): cos (ot- i) -- sin(ot- i) 3 

That is, the sum of squares of each of the extracted 
currents iah, ibh, and ich and a corresponding one of the 
phase-shifted currents obtained by shifting the phase of the 
extracted currents iah, ibh, and ich by JL/2 is calculated, and 
further, the square roots of the Sums of the squares are 
acquired as the composite signals |Zal, Zb, and Zc. FIG. 6 
shows graphs showing variations of the composite signals 
|Zal, Zbl and Zc with the rotational position of the rotating 
portion 12. 

Here, it is apparent from the derivation of the equation in 
Eq. 4 that the composite signals |Zal, Zb, and Zccorre 
spond to the amplitude profiles Aa, Ab, and Ac of the 
extracted currents iah, ibh, and ich, respectively. That is, the 
composite signals |Zal, Zb, and Zcare signals that repre 
sent variations of the amplitudes of the extracted currents 
iah, ibh, and ich, respectively. Therefore, it can be said that 
the composite signals |Zal, Zb, and Zc are usable to 
calculate the rotational position 0e of the motor 1 having 
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8 
saliency. The composite signals |Zal, Zb, and Zc are 
inputted to the rotational position acquisition section 5. 

FIG. 7 shows graphs showing signals obtained in the 
rotational position acquisition section 5. The graph at the top 
in FIG. 7 illustrates the composite signals Izal, Izb, and Zc. 
The second graph from the top in FIG. 7 illustrates a 
composite signal ZC. for the C. axis and a composite signal ZB 
for the faxis, which will be described below, and the third 
graph from the top in FIG. 7 illustrates an angle 0, which 
will be described below. The graph at the bottom in FIG. 7 
illustrates the rotational position 0e. 

In the rotational position acquisition section 5, the com 
posite signals |Zal, Zb, and Zc for the A, B, and Caxes are 
subjected to the Clarke transformation, which is a three- to 
two-phase transformation (i.e., ABC to CfB transformation). 
As a result, the composite signal ZC. for the C. axis and the 
composite signal ZB for the Baxis as illustrated in the second 
graph from the top in FIG. 7 are obtained. Next, using the 
composite signal ZO. for the C. axis and the composite signal 
ZB for the 3 axis, an arctangent function, atan 2(ZC, ZB), is 
obtained as the angle 0 (see the third graph from the top in 
FIG. 7). In other words, the angle 0, which is an angle 
between the B axis and a vector from the origin to a point 
having an O. value of ZC. and a B value of ZB in the CB 
reference frame, is obtained. Then, the angle 0 is offset by 
a specified angle to be adjusted to 0 degrees of the rotational 
position 0e of the rotating portion 12. 

Here, referring to FIG. 4, the amplitude profile of each 
extracted current undergoes two cycles of variation during 
one rotation of the rotating portion 12, i.e., from 0 degrees 
to 360 degrees of the rotational position. Accordingly, a 
value of the above angle 0 offset by an angle within the 
range of 0 degrees to 720 degrees divided by two is acquired 
as the rotational position 0e of the rotating portion 12 as 
illustrated in the graph at the bottom in FIG. 7 (step S4). In 
the rotational position acquisition section 5, the rotational 
position 0e of the motor 1 is estimated based on the 
composite signals |Zal, Zb, and Zc in the above-described 
a. 

While the motor 1 is in operation, the above-described 
steps S1 to S4 are performed repeatedly. As mentioned 
above, in each of steps S1 to S4, to be precise, values of the 
signals at a given time are dealt with. Here, in the generation 
of the three-phase voltages Va, Vb, and Vc in step S1, values 
of the LF control signals Vol and VB1 are generated based 
on a value of the rotational position 0e of the rotating portion 
12 acquired in a previous iteration of step S4, and the set 
values, such as, for example, a rotational speed. That is, 
phases of the drive voltages for the motor 1 are controlled 
based on the rotational position 0e of the rotating portion 12. 
Thus, the rotation of the motor 1 can be controlled with high 
precision. 
As described above, in the control apparatus 10 of the 

motor 1, on each drive Voltage used to rotate the rotating 
portion 12, the measuring Voltage having a frequency higher 
than the frequency of the drive Voltage is Superimposed, and 
the plurality of Voltages generated are Supplied to the 
stationary portion 11. The frequency components of the 
measuring Voltages in the currents flowing in the stationary 
portion 11 are extracted as the extracted currents. The sum 
of squares of each of the extracted currents and the phase 
shifted current obtained by shifting the phase of the 
extracted current by JL/2 is calculated to acquire the com 
posite signals related to the amplitudes of the extracted 
currents. The rotational position of the rotating portion 12 is 
acquired based on these composite signals. The rotational 
position of the rotating portion 12 can thus be acquired with 
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high precision. Moreover, the phases of the drive voltages 
for the motor 1 are controlled based on the rotational 
position of the rotating portion 12. This allows the motor 1 
to rotate with high precision. 

In the control apparatus 10, each of addition of the 
measuring Voltages and signal processing related to the 
extracted currents is performed in the stationary reference 
frame. This eliminates a need to perform complicated trans 
formation or the like between stationary and rotating refer 
ence frames as required in the aforementioned method 
proposed by Shinnaka, S. and the aforementioned method 
proposed by Corley, M. J. et al., allowing acquisition of the 
rotational position with a low computational load. 

In addition, the method proposed by Shinnaka, S. and the 
method proposed by Corley, M. J. et al have problems in 
that, in a low-speed operation, induced Voltages are not 
generated, making a rotation direction unclear, and a high 
degree of precision cannot be achieved. Accordingly, an 
observer or a PLL is required to achieve highly precise 
detection of the rotational position, which leads to an 
increase in a computational load. In view of this, the control 
apparatus 10 is able to achieve a reduction in the computa 
tional load in the low-speed operation. 

Incidentally, it is conceivable to use filtered signals 
obtained by Subjecting signals representing the squares of 
the extracted currents to low-pass filtering to estimate the 
rotational position. This method, however, involves genera 
tion of higher harmonics in the filtered signals, imposing a 
certain limitation on the degree of precision with which the 
rotational position is estimated based on the filtered signals. 
It is also conceivable to use filtered signals obtained by 
subjecting signals representing the absolute values of the 
extracted currents to low-pass filtering to estimate the rota 
tional position. This method, however, involves generation 
of noise caused by higher harmonics in the filtered signals, 
imposing a certain limitation on the degree of precision with 
which the rotational position is estimated. 

In contrast to these methods, the method employed by the 
control apparatus 10, which acquires the square roots of the 
Sums of the squares of the extracted currents and the 
phase-shifted currents as the composite signals, does not 
involve generation of higher harmonics in the composite 
signals. This allows the rotational position of the rotating 
portion 12 to be detected with higher precision. 

Further, the low-pass filtering is typically performed using 
an infinite impulse response (IIR) filter. The IIR filter is 
unstable, and does not have a linear phase property. This 
makes an operation related to the acquisition of the rota 
tional position unstable and complicated. In contrast, in the 
control apparatus 10, composite signals that are norms of 
analytic signals are acquired, and the low-pass filtering is not 
performed. In addition, in the present preferred embodiment, 
the Hilbert transform performed when the composite signals 
are acquired is performed using the FIR filters. The FIR filter 
is essentially more stable than the IIR filter, and has the 
linear phase property. This leads to easy and stable imple 
mentation of the processes related to the acquisition of the 
rotational position. Note that, although a low-pass filter can 
be implemented by an FIR filter, this will involve a much 
longer processing time and a greater computational load 
than when the Hilbert transform is used. 

In the above-described first preferred embodiment, on the 
assumption that the extracted currents for the A, B, and C 
axes are a first, a second, and a third extracted current, 
respectively, the composite signal is acquired for each of the 
first, second, and third extracted currents. However, the 
rotational position can be acquired even when only two of 
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10 
the extracted currents are extracted. FIG. 8 is a diagram 
illustrating the structure of a control apparatus 10 of a motor 
according to a second preferred embodiment of the present 
invention. The control apparatus 10 illustrated in FIG. 8 is 
different from the control apparatus 10 according to the first 
preferred embodiment in components related to the acqui 
sition of the composite signal Zc for the C axis. More 
specifically, the control apparatus 10 illustrated in FIG. 8 is 
different from the control apparatus 10 illustrated in FIG. 1 
in that the extractor 32c, the Hilbert transformer 41c, and the 
signal computation unit 42c are omitted. The control appa 
ratus 10 illustrated in FIG. 8 is otherwise similar in structure 
to the control apparatus 10 illustrated in FIG. 1, and accord 
ingly, like members or portions are designated by like 
reference numerals. 

In the control apparatus 10 illustrated in FIG. 8, voltages 
Va, Vb, and Vc are supplied to a stationary portion 11 of the 
motor 1 as in the first preferred embodiment (step S1 in FIG. 
2). In a current signal acquisition unit 31, two currentsia and 
ib of three-phase currents ia, ib, and is flowing in the 
stationary portion 11 are acquired. In extractors 32a and 32b, 
extracted currents iah and ibh for the A and Baxes, respec 
tively, are extracted (step S2). In a composite signal acqui 
sition section 4, processes for the extracted currents iah and 
ibh are performed in manners similar to those according to 
the first preferred embodiment. As a result, composite sig 
nals |Zal and Zbl of two channels are acquired, and the 
composite signals Zal and Zbl are inputted to a rotational 
position acquisition section 5 (step S3). 

In the rotational position acquisition section 5, a compos 
ite signal Zc of an omitted channel is obtained using Eq. 5 
below. In Eq. 5, C is a constant equal to three times a 
direct-current component of the composite signal Zal or the 
composite signal Zb. 

Then, using the composite signals |Zal, Zb, and Zc for 
the A, B, and Caxes, respectively, a rotational position 0e of 
a rotating portion 12 is estimated by the same method as that 
of the first preferred embodiment (step S4). 
The control apparatus 10 illustrated in FIG. 8 is able to 

acquire the rotational position of the rotating portion 12 with 
a relatively high degree of precision as described above, 
with omission of the extractor 32c, the Hilbert transformer 
41c, and the signal computation unit 42c provided in the 
control apparatus 10 illustrated in FIG. 1. This leads to a 
reduction in a production cost of the control apparatus 10. 

FIG. 9 is a diagram illustrating the structure of a control 
apparatus 10 of a motor 1 according to a third preferred 
embodiment of the present invention. The control apparatus 
10 illustrated in FIG. 9 is different from the control appa 
ratus 10 illustrated in FIG. 1 in components related to the 
acquisition of the composite signals |Zbl and Zc for the B 
and C axes, respectively, that is, in that the extractors 32b 
and 32c, the Hilbert transformers 41b and 41c, and the signal 
computation units 42b and 42c are omitted. The control 
apparatus 10 illustrated in FIG. 9 is otherwise similar in 
structure to the control apparatus 10 illustrated in FIG. 1, and 
accordingly, like members or portions are designated by like 
reference numerals. 

In the control apparatus 10 illustrated in FIG.9, voltages 
Va, Vb, and Vc are supplied to a stationary portion 11 of the 
motor 1 as in the first preferred embodiment (step S1 in FIG. 
2). In a current signal acquisition unit 31, only a current ia 
of three-phase currents ia, ib, and is flowing in the stationary 
portion 11 is acquired. In an extractor 32a, an extracted 
current iah for the A axis is extracted (step S2). In a 
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composite signal acquisition section 4, processes for the 
extracted current iah are performed in manners similar to 
those according to the first preferred embodiment. As a 
result, a composite signal Zal of one channel is acquired, 
and the composite signal Zal is inputted to a rotational 
position acquisition section 5 (step S3). In the rotational 
position acquisition section 5, the composite signal Zal is 
tracked using an observer, a PLL, or the like, for example, 
to estimate a rotational position 0e of a rotating portion 12 
(step S4). 
The control apparatus 10 illustrated in FIG. 9 is able to 

acquire the rotational position of the rotating portion 12 as 
described above, with omission of the extractors 32b and 
32c, the Hilbert transformers 41b and 41c, and the signal 
computation units 42b and 42c provided in the control 
apparatus 10 illustrated in FIG. 1. 

Note that each of the control apparatuses 10 described 
above can be modified in various manners. 

For example, HF injection signals for the A, B, and Caxes 
may alternatively be generated and Superimposed on LF 
control signals for the A, B, and C axes, respectively. Also, 
the extracted currents for the A, B, and C axes may alter 
natively be transformed into extracted currents for the C. and 
Baxes, and composite signals for the C. and 3 axes may be 
obtained from the extracted currents for the C. and Baxes. 

In the control apparatus 10 described above, the phase 
shifted current obtained by shifting the phase of the 
extracted current by JL/2 is easily obtained by subjecting the 
extracted current to the Hilbert transform. Note, however, 
that, the phase-shifted current may alternatively be obtained 
by another method depending on an apparatus design. 

Note that, in each of the signal computation units 42a to 
42c, the Sum of the squares of the extracted current and the 
phase-shifted current may alternatively be treated as the 
composite signal. In this case, in the rotational position 
acquisition section 5, the rotational position of the rotating 
portion 12 is acquired based on composite signals repre 
senting the squares of the amplitudes of the extracted 
currents. As described above, each composite signal does 
not need to be a signal representing the amplitude of the 
extracted current itself, but may alternatively be any signal 
essentially representing the amplitude of the extracted cur 
rent, i.e., any signal related to the amplitude of the extracted 
Current. 

Note that, although the control apparatus 10 described 
above is arranged to perform sensorless position detection 
and control of the motor 1, the capability of the control 
apparatus may alternatively be used to perform sensorless 
speed detection and control, or to perform sensorless initial 
position detection when, for example, the motor is to be 
activated with a large torque. 

Note that the motor 1 may not be a permanent-magnet 
synchronous motor, but may alternatively be any other 
desirable motor having saliency, such as, for example, a 
synchronous reluctance motor. 

Also note that features of the above-described preferred 
embodiments and the modifications thereof may be com 
bined appropriately as long as no conflict arises. 

Preferred embodiments of the present invention are appli 
cable to control and estimation of the rotational position of 
various motors having saliency. 

Features of the above-described preferred embodiments 
and the modifications thereof may be combined appropri 
ately as long as no conflict arises. 

While preferred embodiments of the present invention 
have been described above, it is to be understood that 
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12 
variations and modifications will be apparent to those skilled 
in the art without departing from the scope and spirit of the 
present invention. The Scope of the present invention, there 
fore, is to be determined solely by the following claims. 

What is claimed is: 

1. A method of estimating a rotational position of a motor 
having saliency, the method comprising the steps of: 

a) Superimposing, on a drive Voltage to rotate a rotating 
portion of the motor, a measuring Voltage having a 
predetermined frequency higher than a frequency of the 
drive Voltage to generate a plurality of Voltages, and 
Supplying the plurality of Voltages to a stationary 
portion of the motor; 

b) in parallel with step a), extracting a component of the 
predetermined frequency in a current flowing in the 
stationary portion as an extracted current; 

c) calculating a sum of squares of the extracted current 
and a phase-shifted current obtained by shifting a phase 
of the extracted current by JL/2 to acquire a composite 
signal related to an amplitude of the extracted current; 
and 

d) acquiring a rotational position of the rotating portion 
based on the composite signal. 

2. The method according to claim 1, wherein in step c), 
the phase-shifted current is obtained by subjecting the 
extracted current to Hilbert transform. 

3. The method according to claim 2, wherein the Hilbert 
transform is performed using an FIR filter. 

4. The method according to claim 1, wherein 
as the extracted current, each of a first, a second, and a 

third extracted current is obtained from three-phase 
currents flowing in the stationary portion; and 

in step c), the composite signal is acquired for each of the 
first, second, and third extracted currents. 

5. The method according to claim 1, wherein the com 
posite signal represents a square root of the sum of the 
Squares. 

6. A control apparatus of a motor having saliency, the 
control apparatus comprising: 

a Voltage Supply section arranged to Superimpose, on a 
drive Voltage to rotate a rotating portion of the motor, 
a measuring Voltage having a predetermined frequency 
higher than a frequency of the drive Voltage to generate 
a plurality of Voltages, and Supply the plurality of 
Voltages to a stationary portion of the motor, 

a current extraction section arranged to extract a compo 
nent of the predetermined frequency in a current flow 
ing in the stationary portion as an extracted current; 

a composite signal acquisition section arranged to calcu 
late a Sum of squares of the extracted current and a 
phase-shifted current obtained by shifting a phase of 
the extracted current by JL/2 to acquire a composite 
signal related to an amplitude of the extracted current; 
and 

a rotational position acquisition section arranged to 
acquire a rotational position of the rotating portion 
based on the composite signal; wherein 

the Voltage Supply section is arranged to control a phase 
of the drive voltage based on the rotational position of 
the rotating portion. 
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